Interactions among multiple stressors generated by global change exert cumulative effects on ecosystems. In order to identify the long-term interactive effects of ultraviolet radiation (UVR) and increasing atmospheric nutrient inputs (P-inputs) on aggregate (growth rate, chlorophyll a and abundance) and emergent (evenness and diversity) algal community variables, a 2 Â 5 factorial experiment [two levels of light quality (þUVR, 2UVR) and five levels of nutrient enrichment] was conducted using in situ mesocosms in a high-mountain lake in the Sierra Nevada (Spain) over a 70-day period. Addition of P suppressed and inverted the stimulatory UVR effect on the nonflagellate growth rate (mid-term scale). This interactive effect was propagated as increased harmful UVR effect on chlorophyll a and abundance across the P-gradient. Interestingly, P-pulse reversed the positive effect of UVR on phytoplankton evenness and diversity on the long-term scale. These findings support our hypothesis that the UVR Â P interactive effect would favor a few UVRtolerant rapid-growing species. We show that the algal community is acclimated to UVR-flux but not to high P-pulse. The loss of diversity and disappearance of mixotrophic flagellates may have important implications for the functioning of clear-water ecosystems.
I N T RO D U C T I O N
Multiple anthropogenic stressors related to global changes are having a cumulative effect on the biodiversity and functioning of ecosystems (Steffen et al., 2004) . These effects are thought to be enhanced in ecosystems with low redundancy and diversity, such as highmountain lakes. Thus, a loss of algal biodiversity may render these ecosystems incapable of compensating for species impoverishment because ecosystem processes (e.g. primary production) are maintained only by a few species (Vinebrooke and Leavit, 2005) . Moreover, the net combined effect of multiple stressors [e.g. increased ultraviolet radiation (UVR), atmospheric dust, eutrophication, acidification and global warming] cannot be easily evaluated, as their interactive effect may be greater (synergistic) or lesser (antagonistic) than their expected additive effect (Folt et al., 1999) . The magnitude and direction of their net effect depend on the different intensity thresholds of each stressor, the species-specific tolerance and the tradeoff mechanisms at the different levels of organization of biological communities. It is therefore necessary to assess the interactive effect of stressors on aggregate (e.g. growth rates, abundance) and emergent variables (e.g. diversity) of communities in order to accurately quantify the net cumulative effect of stressful factors on ecosystem persistence (Srivastava and Vellend, 2005) .
In a global change scenario, the greater transport of atmospheric dust owing to severe droughts related to climatic warming (Escudero et al., 2005) implies an increase in mineral nutrient inputs to aquatic ecosystems (Duarte et al., 2006; Morales-Baquero et al., 2006) . This may constitute a stress factor in oligotrophic lakes if it causes disturbance to the ecosystem, e.g. by the loss of key species for ecosystem functioning. Therefore, research into interactions between UVR (because of its harmful effect on organisms) and P (mineral nutrient linked to increasing atmospheric dust) is essential to allow predictions of changes in the composition of algae, the keystone trophic level that represents the greatest source of particulate organic carbon in highmountain lakes (Straškrabová et al., 1999a; Carrillo et al., 2006) .
Few studies have quantified the net interactive UVR Â P effect on the algal community, and these have shown contradictory results at the molecular and physiological levels. Thus, P-enriched algae were more able to recover from UVR damage and increased their growth rate or primary production (Ogbebo and Ochs, 2008) under UVR, whereas other authors reported the unexpected finding that P-enrichment enhanced the harmful effects of UVR on chl a-based growth rates (Xenopoulos et al., 2002) and photosynthesis-related processes (Carrillo et al., 2008a) . Moreover, the effect of the interaction of these two factors on algal diversity has not yet been elucidated. This inability to establish a pattern has two possible explanations: (i) contradictory reports on the effects of UVR at community level, e.g. on species composition, relative abundance of species and algal diversity (Bothwell et al., 1993; Vinebrooke and Leavitt, 1999; Watkins et al., 2001) ; and (ii) the fact that P can have a stimulatory or inhibitory effect on algal development and hence algal diversity depending on the intensity of the P-enrichment.
Regarding the first explanation, discrepancies in results may derive from differences in the intensity of UVR received (Molis et al., 2003) , the temporal scale of the algal response to UVR (Cabrera et al., 1997) , interaction with other trophic levels (Bothwell et al., 1994) and intrinsic factors, such as species-specific sensitivity and the tolerance of algae, i.e. their ability to minimize UVR damage (Davidson and Belbin, 2002; Vinebrooke and Leavitt, 2005) . The tolerance of algae is related to their biochemical and cellular strategies, including photo-damage repair (Vincent and Roy, 1993) , acquisition of photoprotective compounds (Zudaire and Roy, 2001; Banaszak, 2003; Korbee-Peinado et al., 2004) , changes in biochemical and stoichiometric composition (e.g. decrease in C:P and N:P ratios Hessen et al., 2008; Carrillo et al., 2008a , unsaturated lipids Villar-Argaiz et al., 2008 , increase in cell size (Hessen et al., 1997) and, in some algal groups, their capacity for movement (Villafañe et al., 2007) . Regarding the second explanation, it is amply established that P-inputs stimulate algal growth (e.g. Chrzanowski and Grover, 2001; Hill and Fanta, 2008; Carrillo et al., 2008b) , photosynthetic activity and primary production (e.g. Joint et al., 2002; Duarte et al., 2006) , increasing algal abundance or biomass (e.g. Schindler, 1977; Vinebrooke and Leavitt, 1998; Carrillo et al., 2008b) . However, higher P-inputs unmask the negative UVR effect on photosynthetic and functional variables of primary producers (Xenopoulos et al., 2002; Carrillo et al., 2008a) . Besides, the effect of P on algal composition usually favors a few rapidgrowing species (Kononen et al., 1993 , Moisander et al., 2003 , Vuorio et al., 2005 that can drive a subsequent decrease in algal diversity regardless of the trophic status of the ecosystem, as reported under experimental conditions (Hough and Thompson, 1996; Romo and Villena, 2005; Carrillo et al., 2008b) .
Based on the damaging effects of UVR on different organization levels of algae and the inhibiting effect of P on algal diversity reported above, we hypothesized that the UVR Â P interactive effect would favor a few UVR-tolerant rapid-growing species, leading to a reduction in algal diversity. This hypothesis was tested in an experimental study to determine the response of species composition, growth rate, abundance, evenness and diversity to UVR exposure along a P-gradient that mimicked natural atmospheric P-inputs. Our experimental approach included different incubation time scales (up to 70 days), presence of all trophic levels, large enclosures (allowing UVR-avoiding mechanisms to operate), and minimal alteration of the natural optical properties of the water column. Results obtained showed that P-inputs suppressed the stimulatory effect of UVR on algal diversity.
M E T H O D Study site
The study was developed in the high-mountain lake La Caldera, located above the tree-line (3050-m.a.s.l.) in Sierra Nevada National Park (Southern Spain, 36855 0 to 37815 0 N, 2831 0 to 3840 0 W). The lake has a surface area of $2 ha, maximum depth of 14 m and mean depth of 4.3 m. It is usually covered with ice from October to June-July. During the ice-free season, the lake does not stratify, and water temperatures generally range from 48C to a maximum of 128C by the end of August. The drainage basin is bed-rock and lacks littoral vegetation. As in most high-mountain lakes above the tree-line, the water is highly transparent, with Secchi disk visibility reaching maximum depth (14 m) and a low dissolved carbon concentration (DOC , 1 mg C L
21
) that allows a considerable intensity of UVR to penetrate deep into the lake , Carrillo et al., 2008a see Results section) . Total nitrogen (TN):total phosphorus (TP, by atoms) ratio values are .180 and dissolved inorganic nitrogen (DIN):TP (by mass) ratio values are .40 (Villar-Argaiz et al., 2001) , characteristic of a strong P limitation throughout the ice-free period (Carrillo et al., l996; Villar-Argaiz et al., 2001) . This ecosystem experiences inputs of atmospheric Saharan dust containing high P levels, with a mean molar TN:TP ratio in total dust deposition ranging from 10 to 50. Inputs of atmospheric P are largely restricted to the mid-ice-free period (Morales-Baquero et al., 2006) . The dominant algae are Chrysophyceae (mainly Chromulina nevadensis P.M. Sánchez) and Chlorophyceae [mainly Dictyosphaerium chlorelloides (Nauman) Komárek and Perman]. Fish are absent and the calanoid copepod Mixodiaptomus laciniatus Lilljerbog is the dominant crustacean zooplankton in the pelagic zone while Cladocerans (e.g. Daphnia pulicaria Hrbacék) are restricted to the littoral zone in the lake.
Field sampling and biological determinations
Sampling was conducted at 7-15 days intervals throughout the open-water period from June to early October in 2003. Biological and chemical samples were taken at the deepest point of the lake. For each sampling day, a composite lake sample was constructed from equal volumes of lake water samples obtained with 6-L horizontal Van Dorn sampler from three depths, spaced evenly within the photic layer affected by .1% surface photosynthetic active radiation (PAR). From this composite lake sample, subsamples (in triplicate) were used for analysis of chl a, phytoplankton, TP, TN, sestonic N and P and, after filtration through 0.45 mm disposable filters (Sartorius), for analysis of total dissolved phosphorus (TDP), nitrate (NO 3 2 ), nitrite (NO 2
2
) and ammonium (NH 4 þ ). We defined DIN as NO 3 2 þ NO 2 2 þ NH 4 þ .
In situ experiment
An experiment covering almost all of the ice-free period ( . Enclosures were filled by pumping unscreened lake water from 3 m depth (within the photic layer affected by .5% UVB). The 10 mesocosms were segregated into two subsets of enclosures (five for þUVR and five for 2UVR) by means of two 3 Â 3 m 2 racks constructed from 3 cm polyvinyl chloride pipe. The subsets were separated by more than 50 m to prevent shading between them. Racks were secured to a buoy attached to an anchored rope.
The þUVR treatment was obtained using polyethylene plastic that transmits 90% PAR (400 -700 nm), and most UVR [60% ultraviolet B (UVB) and 75% ultraviolet A (UVA)]. The 2UVR treatment was obtained using a cover of Plexiglas UF3 (Atohaas, North America), a long-wave-pass plastic that transmits 90% PAR but blocks UVR (,390 nm). Optical properties of the cut-off filters used in light treatments were tested before experiments with a double-beam spectrophotometer (Perkin-Elmer Lambda 40). Further, the rack (subset) containing 2UVR enclosures, was surrounded by 2 m 2 layers of Plexiglas UF3 to prevent any refractory solar UVR on the experimental area. Within 2UVR enclosures irradiance should be attenuated with respect to that measured throughout the lake water column (average of all values obtained from a photic layer affected by .25% UVB) by 87.1% at 305 nm, 77.8% at 320 nm, 69.9% at 380 nm wavelengths, but only 17.4% of PAR.
The five P-enrichment levels were set by adding a final concentration of 0, 20, 30, 40 and 60 mg P L
21
(NaH 2 PO 4 ), with each mesocosm representing a light Â nutrient treatment. The enclosure with no added nutrient and þUVR served as a control. The gradient matched actual P atmospheric inputs, and the 60 mg P L 21 treatment duplicated the maximum direct input measured in this ecosystem (Villar-Argaiz et al., 2001) , but was lower than estimations corresponding to a single event of 81.37 mg total P L 21 , calculated from mean atmospheric P-inputs of 1.5 mmol m 22 day 21 in samples collected weekly from a nearby lake (Morales-Baquero et al., 2006) , considering a mean lake depth of 4 m .
In order to ensure that P remained as limiting nutrient in enclosures, inorganic N (NH 4 NO 3 ) was added to mesocosms to reach a N:P molar ratio of 30. The amount of added-P was calculated from the total dissolved P concentration in the water column on the day before starting the experiment. After P-enrichment, the water of each mesocosm was vigorously stirred, and several samples were taken to monitor initial experimental conditions. The top of each enclosure was covered with a cap ( polyethylene for þUVR and UF-3 Plexiglass for 2UVR enclosures) to avoid uncontrolled input of nutrients to the enclosures.
Enclosures were sampled eight times during the 70-day incubation period (1 August 2003 to 10 October 2003) on Days 1, 3, 11, 20, 32, 43, 56 and 70 . Before the sampling, the water column was gently mixed along the entire length of each enclosure and then integrated depth samples were taken using a plastic bucket (5 L). This set-up allows a reasonable evaluation of UVR Â P interactive effects on pelagic community, because nutrient inputs assayed are within the range of current loads into the lake area (Villar-Argaiz et al., 2001; Morales-Baquero et al., 2006) , and the þUVR treatment reproduced the natural optical conditions in the water column. Thus, the þUVR enclosures transmitted most of irradiance measured throughout the lake water column (average of all values obtained from a photic layer affected by .25% UVB), i.e. 48.96% at 305 nm, 62.58% at 320 nm, 71.47% at 380 nm wavelengths and 72.79% of PAR.
Physical analyses
Vertical profiles of attenuation of UVB (300 -319 nm), UVA (320 -399 nm) and PAR (400 -700 nm) in the water column were obtained on each sampling day using a LI-8000 spectroradiometer (LI-COR, Lincoln, NE, USA). Diffuse attenuation coefficients for downward irradiance (Kd) were determined from the slope of the linear regression of the natural logarithm of downwelling irradiance versus depth for each wavelength range considered. Temperature profiles were recorded using a multiparametric probe (Turo Water Quality Analysis T-611).
Chemical and biological analyses
Samples were analyzed for inorganic nutrients on the same day as their collection. UV spectrophotometric screening was used to determine nitrates (NO 3 2 ). Samples for TDP and P were persulfate-digested and analyzed as soluble reactive phosphorus (SRP) applying the acid molybdate technique (American Public Health Association, 1992). TN samples were persulfate-digested and measured as nitrate (American Public Health Association, 1992) .
For sestonic N and P determinations, an aliquot of sample water (100 -300 mL), previously filtered through a 40-mm Nitex filter to remove zooplankton, was filtered through precombusted (1 h at 5508C) 1 mm pore-size glass fiber filters (Whatman GF/B, Kent, UK) at low pressure vacuum (,100 mmHg). Filters were then immediately analyzed for P or dried (24 h to 608C) and kept desiccated until N analysis. Particulate N was determined using a Perkin-Elmer model 2400 elemental analyzer. For the particulate P analysis, filters were introduced into acid-washed vials, digested with a mixture of potassium persulfate and boric acid at 1208C for 30 min, and determined as SRP in 10-cm quartz cuvettes by means of the acid molybdate technique (American Public Health Association, 1992). Blanks and standards were performed for all procedures. Algal N:P ratios were calculated on a molar basis. The fraction between 1 and 40 mm was identified as algal because of the absence of size overlap between different trophic levels in La Caldera Lake (Echevarría et al., 1990; Medina-Sánchez et al., 2002; Villar-Argaiz et al., 2002) and the negligible protozoan abundance previously observed in this fraction (Medina-Sánchez et al., 2004) .
Chl a was measured fluorimetrically after grinding the filter (Whatman GF/F glass fiber filter, 25 mm) with pigments (concentrated by filtration of up to 300 mL at ,100 mmHg of pressure differential) and extracting the pigments in 90% acetone kept in the dark at 48C for 24 h. A chl a standard (Sigma, chl a from algae) was used to transform the fluorescence data into chl a concentrations.
Species composition and cell counts were determined from sample preserved in glass bottles (130 mL) using Lugol's reagent ($1% vol/vol). An aliquot (5 -50 mL) of each sample was settled in an Utermöhl chamber of 2.6 cm diameter for 48 h to ensure complete sedimentation of the smallest algal species. Cells were counted in 100 randomly selected fields of view at 1000Â magnification under an inverted microscope (Leitz Fluovert FS, Leica, Wetzlar, Germany). Atleast 600 cells of the most abundant algal species were counted in each sample. Cell volume was obtained by image analysis (Leica, Quantimet 500). Autotrophic picoplankton were preserved with 1% formaldehydecacodylate (f.c.) buffer and, after being filtered through black Nuclepore 0.2 mm pore-size filters, they were examined by autofluorescence under a Leitz Fluovert FS epifluorescent microscope within 2 weeks of the sampling, as recommended by Straškrabová et al. (Straškrabová et al., 1999b) .
Algal growth rates were calculated as
where A 1 and A 0 are the algal abundance on two consecutive sample dates and T is the time (in days) between sample collections.
Algal diversity was estimated by Shannon -Wiener (H 0 ) and Evenness (E) indexes calculated as:
where x is the number of taxa and p i is the relative abundance of taxon i ( P p i ¼1).
Statistical analyses
Given the absence of replicates for individual treatments, the effects of nutrient enrichment on N:P ratio, chl a, growth rate of flagellated and non-flagellated algae, and abundance, diversity and evenness of algal community in each light treatment were assessed by simple regression analysis of the mean values for all sampling dates in each experimental period (PR: three sampling dates and PE: five sampling dates; see Results section) against P enrichment level. When the regression was significant, a homogeneity of slopes model analysis of covariance (ANCOVA) was used to test the effect of the light treatment across the P gradient with both categorical (factor; þUVR and 2UVR) and continuous (covariates, P) predictor variables (Quinn and Keough, 2002) . When no significant differences were found in the y-axis intercepts, UVR effect was graphically checked throughout P-enrichment gradient by examining 95% confidence intervals of the regression lines (see Urabe et al., 2002 for a similar statistical analysis). When no linear relationship was found between P addition and algal variables, data were fitted to non-linear models (logarithmic or exponential), and the effects of UVR for a given P level were further assessed using a paired t-test for dependent samples (n ¼ 3 for PR; n ¼ 5 for PE). The interaction of UVR and P was analyzed by examining the modification of UVR effect across the P gradient on graphs. Statistica 7.1 for Windows software was used for statistical analyses (StatSoft Inc., 2005) .
R E S U LT S Lake conditions
The flux of solar radiation reaching the lake surface showed a narrow range of variation during the experimental period (Fig. 1A) , although some differences in attenuation coefficients of solar radiation (Kd) were observed, e.g. a lower transparency on Day 20 (Fig. 1B) . The mean temperature range in the water column was also narrow (12.1 + 1.68C) except at the end of the experimental period, when a marked decrease to 78C was observed (Fig. 1C) . TDP and TP concentrations were low in La Caldera Lake (Table I) , while N forms showed a high concentration. Both DIN/TP and sestonic N:P ratios indicate strong P limitation. The chl a concentration was ,5 mg L 21 , which is characteristic of ultraoligotrophic lakes (Table I) .
The algal species composition was simple, composed of nanoplankton species and dominated by Chrysophyceae (mainly Chromulina nevadensis) from thaw to mid-August, when it was replaced by Chlorophyceae (D. chlorelloides) and Bacillariophyceae (Cyclotella sp.), which co-dominated until the end of the ice-free period. Other less abundant species, such as Amphidinium sp. (Dinophyceae), Rhodomonas minuta (Cryptophyceae), Ochromonas sp. (Chrysophyceae) and Cyanarcus sp. (Cyanophyceae) developed rapidly during the ice-free period (Fig. 2) .
Experimental conditions
The added-P was depleted from Day 20 until the end of the experimental period (Carrillo et al., 2008a) , creating two periods in which the algal community had a different availability and a distinct nutrient status (N:P ratio): P-replete (PR) period with N:P ratio ,22 and P-exhausted (PE) period with N:P ratio !22, based on the nutrient thresholds proposed by Healey and Hendzel (Healey and Hendzel, 1980 ; Fig. 3A and B) . This segregation was considered because the effect of UVR on algae may be modulated more by their elemental composition than by P-availability in the water column (e.g. Medina-Sánchez et al., 2002 .
During the PR period, algal N:P ratio was significantly lower in P-enriched treatments versus controls but did not differ among the enriched treatments (t-test P . 0.05; Fig. 3A) . During the PE period, UVR significantly decreased algal N:P ratio (ANCOVA: F 1,6 ¼ 17.04, P , 0.006) and significant UVR Â P interactive effects were found (slope of regression line: F 1,6 ¼ 7.56, P ¼ 0.033; Fig. 3B , Table II ). This effect was antagonistic, with a lower effect of UVR as the P-input concentration increased.
Interactive UVR Â P effect on aggregate and emergent variables Growth rate of flagellated algae was negative in both non-enriched treatments ( Fig. 4A and B) . P-enrichment decreased growth rates to more negative values during the PR period (Fig. 4A) , whereas positive values were reached, although close to zero, at some P-levels during the PE period (Fig. 4B) . During the PR period, the growth rate of non-flagellated algae was positive and significantly (t-test, P ¼ 0.0429) higher with than without UVR (Fig. 4C) . P-enrichment suppressed the positive effect of UVR on growth rates and even significantly reversed it at higher nutrient levels (40 mg P L
21
: t-test, P ¼ 0.047; 60 mg P L 21 : t-test, P ¼ 0.045; Fig. 4C ). During the PE period, the growth rate of nonflagellated algae was lower under UVR and fitted a logarithmic model across the P-gradient under both light treatments (Fig. 4D, Table III ), although no interactive effect was found (Fig. 4D) .
UVR generally impaired algal development in both experimental periods under P-enrichment conditions. This effect was higher on chl a (decreased up to 50% in P enrichment .30 mg P L
) than on algal abundance during the PR period ( Fig. 5A and C) , although the damaging UVR effect affected both chl a and algal abundance during the PE period ( Fig. 5B and D) . P-enrichment significantly stimulated chl a and algal abundance under both light treatments (Fig. 5B and D, Fig. 5B and  D) . A significant UVR Â P interactive effect was observed on chl a (slope of regression line: F 1,6 ¼ 9.69, P ¼ 0.021; Fig. 5B ) and on algal abundance (slope of regression line: F 1,6 ¼ 11.56; P ¼ 0.014) only in PE period (Fig. 5D ). This effect was synergistic, with a greater effect of UVR as the P-input concentration increased.
During the PR period, algal diversity and evenness were significantly increased by P addition (e.g. Shannon -Wiener index from 0.23 bits ind 21 in þUVR control to 0.7 bits ind 21 in þUVR 60 ) and fitted a logarithmic model (Fig. 6A and C, Table III ). During the PE period, UVR exerted a stimulatory effect on algal diversity and evenness (t-test, P ¼ 0.0120; t-test, P ¼ 0.0320; Fig. 6B and D, see the non-P-enriched treatments), with an increase in the Shannon index from 0.6 bits ind 21 (2UVR control ) to 1.1 bits ind
(þUVR control ), while this index decreased to values near zero with the addition of P and fitted an exponential model across the P-gradient ( Fig. 6B and D, Table III ). Hence, P-enrichment suppressed the positive effect exerted by UVR on algal diversity and evenness and even inverted its effect on diversity in the 20 mg P L 21 treatment (t-test, P ¼ 0.0031; Fig. 6B ). ) and light (2UVR, þUVR) treatments during P-replete (A) and P-exhausted (B) periods. Significance of paired t-test comparisons between light treatments for each phosphorus level: *P , 0.05; **P , 0.01; ***P , 0.001. Bars (A) and points (B) represent mean values for entire PR (three sampling days) or PE (five sampling days) periods. Regression lines are inserted when the relationship across the P gradient was significant at P , 0.05 in both light treatments. ) and Evenness. All R 2 values are rounded to two significant digits. UVR, ultraviolet radiation (2, absence; þ, presence). Numbers in bold denote significant relationship between P and dependent variables.
UVR and P effects on algal composition
In the enclosures, the algal biomass (micrograms C L 21 ) represented between 50% (non-P-enriched treatment) and . 95% (enriched treatments) of the total pelagic community (data not shown). The algal community was composed of nanoplanktonic species with a striking absence of autotrophic picoplankton (,2 mm) under all experimental conditions. Thus, the relationship between chl a concentration and algal abundance was high (R 2 ¼ 0.89, P , 0.001) indicating that most of the chl a corresponded to nanoplanktonic algal cells.
At the beginning of the experimental period, flagellated Chromulina nevadensis (mean cell size 7.15 + 2.98 mm All R 2 values are rounded to two significant digits. Numbers in bold denote significant relationship between P and dependent variables. UVR, ultraviolet radiation (2, absence; þ, presence; -, non development of flagellated algae).
sp. ($53 mm

3
, Cryptophyceae) and D. chlorelloides (mean cell size 5.95 + 1.60 mm 3 , Chlorophyceae) were present in less numbers.
In both non-P-enriched treatments, a shift in the composition of algal species was observed from flagellated algae to coccal-shaped cells (mainly D. chlorelloides), reaching $90% of total abundance ( Fig. 7A and B) . Other coccal algae, i.e. Cyanarcus sp. ($8 mm 3 , Cyanophyceae) and Cyclotella ($97 mm 3 Bacillariophyceae), were much less frequently observed. In the absence of UVR (2UVR control), the succession of the algal community was delayed (time taken by Chlorophyceae to reach .50% of total abundance) by $6 days (Fig. 7B) . In addition, the reduction of UVR decreased algal abundance from Days 30 to 45 of the experiment (Fig. 7A and B) , but had no significant effect on the size of D. chlorelloides (t-test, P ¼ 0.1929) or of other algal species. However, the reduction of UVR significantly depressed (t-test, P ¼ 0.0431) the development of larger species (i.e. Cyclotella sp.). A similar pattern of succession was noted between the water column and þUVR control treatment from the beginning of August to the end of the ice-free period (see arrow on Fig. 2 ) October, although the maximum algal abundance in the þUVR control treatment was 3-fold greater than in the lake. P-enrichment brought forward the algal-species shift (see above), stimulating the development of D. chlorelloides at 2 weeks after the nutrient pulse with and without UVR (Fig. 7) . At the beginning of the PE period (Days 20-40 of the experiment), the abundance of this species was higher in all P-enriched treatments, reaching values (!30-mg P L 21 treatments) that were two orders of magnitude higher than those in control treatments (Fig. 7) .
D I S C U S S I O N
Interactive UVR Â P effects on aggregate and emergent variables of algal community
The interaction between UVR and P was transferred from aggregate variables to algal diversity and evenness as a negative antagonist effect (Fig. 6B and D) , since UVR favored the persistence of flagellates and development of UVR-tolerant species of non-flagellates (diatoms, D. chlorelloides) in the long-term, whereas ) and abundance of total algal community (cells mL 21 Â 1000) measured in all nutrients (control, 20, 30, 40 and 60 mg P L 21 ) and light (2UVR, þUVR) treatments during P-replete (left panels) and P-exhausted (right panels) periods. Significance of paired t-test comparisons between light treatments for each phosphorus level: *P , 0.05; **P , 0.01; ***P , 0.001. Bars (A, C) and points (B, D) represent mean values for entire PR (three sampling days) or PE (five sampling days) periods. Regression lines are inserted when the relationship across the P gradient was significant at P , 0.05 in both light treatments. 95% Confidence intervals are denoted by dotted lines to evaluate significant differences between þUVR and 2UVR mesocosms. P-pulses favored only UVR-tolerant fast-growing species, which became dominant in accordance with our initial hypothesis. Maximum algal diversity was found in the þUVR control treatment on a long-term scale that mimics the ice-free period in the lake (Fig. 2) . This finding does not support the reported humpshaped relationship between productivity and diversity (Dodson et al., 2000 ; but see Mittelbach et al., 2001) . Rather, there was a classical trend of decreasing diversity from oligotrophic to eutrophic aquatic ecosystems (Margalef, 1980) and from resource-poor to more productive terrestrial habitats (Tilman, 1986 ).
An interesting finding of this study was that phosphorus increased planktonic algal diversity (Fig. 6A ) via a greater evenness on mid-term scale [PR period (Fig. 6C) ] but reversed the positive effect of UVR on phytoplankton diversity on the long-term scale (Fig. 6B) . The P enrichment effect on algal diversity contrast with findings in studies performed over short-and mid-term scales (,20 days) after nutrient enrichment (Hough and Thompson, 1996; Frost, 2003, but see Sommer, 1985) but agrees with findings by Cottingham et al. (Cottingham et al., 1998) in temperate lakes and by Romo and Villena (Romo and Villena, 2005) in shallow Mediterranean lakes on experimental long-term scales.
The dominance of D. chlorelloides reflects their ability to follow a bloom-growth strategy similar to that of other rapid-growing species of Chlorophyceae in marine (Moisander et al., 2003; Vuorio et al., 2005) and freshwater ecosystems (Romo and Villena, 2005) . As a consequence, D. chlorelloides had a competitive advantage over flagellated algae after P-pulses, in accordance with results obtained in La Caldera lake after natural (Medina-Sánchez et al., 1999; Villar-Argaiz et al., 2001; Carrillo et al., 2006) and experimental P-inputs when algae were P-limited (high N:P ratio) (Carrillo et al., 2008b) . These findings are consistent with the widely observed trend for autotrophs to out-compete mixotrophic algae (flagellated algae in this study) after nutrient inputs (Isaksson et al., 1999; Andersson et al., 2006) .
We can infer from our results that (i) the interactive effects of UVR and P-enrichment observed on the assayed variables were modulated by the nutritional status of cells; (ii) the negative interactive effects were transferred from aggregate variables (e.g. growth rates, chl a and total abundance) to diversity and evenness, variables at community level that represent emergent properties of the ecosystem.
Regarding the aggregate variables, the interactive UVR Â P effect on non-flagellate growth rate was antagonistic when cells were P-replete, because P-addition suppressed and inverted the stimulatory UVR effect (Fig. 4C ). This negative response is driven by a lower tolerance of non-flagellates to UVR after the P-pulse on mid-term scale. This complex algal response contrasts with the classically described antagonistic effect, in which the negative effect of one stressor is attenuated by the effect of another stressor, interpreting the antagonism as an increase in species tolerance (Christensen et al., 2006) . Moreover, P addition unmasked the inhibitory UVR effect on photosynthetic activity of algae (chl a; Fig. 5A ), as found by other authors (Xenopoulos et al., 2002; Doyle et al., 2005; Carrillo et al., 2008a) . This unmasking effect is consistent with a co-limitation of algal growth by UVR and P-scarcity (Xenopoulos et al., 2002) , since a higher nonflagellate growth rate (mainly Chlorophyceae) was observed in the absence of both stressors (Fig. 4C) . However, when cells became P-exhausted (PE period), the interactive effect on non-flagellate algal growth rate disappeared (Fig. 4D) but the interactive effect on chl a persisted, with a greater deleterious UVR effect across the P-gradient (negative synergistic effect; Fig. 5B ). Likewise, the inhibitory UVR effect on non-flagellate growth rates at highest P-levels in the PR period was transferred to total algal abundance in the PE period (Fig. 5D ). Further, this interactive effect on algal abundance may also result from: (i) the lower non-flagellate growth rate (Fig. 4D ) detected under UVR in the PE period (algal P-starvation; Carrillo et al., 2008a as in Shelly et al., 2005) , generating greater algal loss from the higher abundance of the algal community, (ii) the decrease in temperature (see end of experimental period in Figs 1C and 4) , which could inhibit enzymatic photodamage repair mechanisms (Roos and Vincent, 1998; Pakker et al., 2000; Hoffman et al., 2003) .
Algal UVR tolerance
Interestingly, the successional shifts in algal composition and higher diversity under UVR non-P-added conditions are in accordance with the specific composition of the algal community in the lake water column (Figs 2 and 7) . The higher diversity was because of the greater species richness resulting from the persistence of Chrysophyceae and the appearance of Bacillariophyceae (Figs 2 and 7B ) and to the increase of evenness among the species constituting the algal community (Fig. 6D , see non-enriched treatment). These results contrast with the negative UVR effects on diversity obtained in boreal lakes (Xenopoulos and Frost, 2003) and the lack of response found in alpine (Halac et al., 1997) and marine (Villafañe, 2004) ecosystems. Interestingly, however, our calculation of the Shannon index based on data of Cabrera et al. (Cabrera et al., 1997) showed a stimulatory effect of UVR on diversity in Andean lakes (from 0.4 bits ind 21 in 2UVR to 1.1 bits ind 21 in þUVR at the end of their experimental period). Similar increments in diversity were found in communities of epilithic algae intensely exposed to UVR (Bothwell et al., 1993 , but see Watkins et al., 2001 .
The absence of a generalized pattern of response of algal diversity to UVR in the few studies performed to date can likely be explained by the different temporal scales considered. Thus, the effect of UVR on algal diversity was null (Halac et al., 1997; Villafañe, 2004;  this study) or negative (Xenopoulos and Frost, 2003) in medium-term incubations (,16 days) but clearly stimulatory in long-term (.30-day) incubations (Bothwell et al., 1993; Cabrera et al., 1997; this study) .
The appearance of diatoms under UVR may be explained by structural and physiological mechanisms. Thus, large-sized species may be less susceptible to UVR-induced DNA damage because of the longer distance between cell surface and nucleus and greater intracellular pigment UVR screening effect (Karentz et al., 1991; García-Pichel, 1994 ; but see Laurion and Vincent, 1998) .
Interestingly, the persistence of Chrysophyceae species (mainly Chromulina nevadensis) under UVR, which contrasts with other published results (Xenopoulos et al., 2000; Xenopoulos and Frost, 2003 ; but see van Donk et al., 2001) , suggests a greater tolerance of these species to high UVR fluxes. This tolerance in La Caldera lake may be related to: (i) a predation-mediated stimulatory effect on flagellated algae (Carrillo et al., 1995) because of high P-regeneration by zooplankton in the water column (Carrillo et al., 1996; Reche et al., 1997; Villar-Argaiz et al., 2001) ; (ii) their possession of flagellae, allowing them to avoid high intensities of harmful UVR by moving vertically in the water column (Carrillo et al., 1991) , which is favored by the depth (7 m) of our enclosures; and (iii) their mixotrophic ability (MedinaSánchez et al., 2004) . Considered together, these processes may explain the net stimulatory effect of UVR on algal community abundance on the long-term scale (Fig. 7B ) and the maintenance of algal diversity.
In summary, the greater diversity and algal abundance under UVR agree with the proposal of Vinebrooke and Leavitt (Vinebrooke and Leavitt, 2005 ) that organisms exposed to UVR for long periods, e.g. in high-mountain lakes, may have a high tolerance to UVR. In fact, our results suggest that algae can take advantage even of this apparently adverse situation. However, the tolerance to UVR and P are negatively correlated (i.e. negative species co-tolerance sensu Vinebrooke et al., 2004) because of the ecological trade-off involving algal UV tolerance and competitive ability for nutrients. Therefore, the synergistic interaction between UVR and P together with stress-induced community sensitivity represents a worstcase scenario of maximal species loss hypothesized by Vinebrooke et al. (Vinebrooke et al., 2004) .
I M P L I C AT I O N S
Although UVR has generally been considered harmful to organisms (see review Perin and Lean, 2004; Häder et al., 2007) , UVR exposure resulted in a higher algal diversity on the long-term scale. This result indicates algal acclimation to a recurrent damaging factor and is in agreement with the recent questioning of UVR as a stress factor (Paul and Gwynn-Jones, 2003) . In fact, our finding of a long-term decrease in diversity as a consequence of P-inputs allows us to consider the input rather than the scarcity of P to be a stress factor in chronically P-limited ecosystems.
The negative synergetic effect of UVR and P on the algal community and the decrease in algal diversity after P-pulse on a long-term scale indicates a negative correlation between the tolerance of species to UVR and their tolerance to P-pulse (see Vinebrooke and Leavit, 2005) . Consequently, if flagellates with mixotrophic metabolism predominate as a result of their acclimation to severe nutrient limitation and UVR-stress (Medina-Sánchez et al., 2004) , the increased frequency and intensity of P-atmospheric inputs associated with North Atlantic Oscillation anomalies and global change (Escudero et al., 2005; Woodward et al., 2005) may lead to the disappearance of this key functional group. The loss of mixotrophs, which constitute a by-pass in the C-flux between microbial loop and grazing chain (Medina-Sánchez et al., 2004) could affect the function of ecosystems. This effect would be exacerbated in high-mountain (Díaz et al., 1998; Felip et al., 1999; Straškrabová et al., 1999a) , Boreal (Lepistö and Roserström, 1998) , Arctic (Brutemark et al., 2006) and Antarctic (Izaguirre et al., 1998) lakes and in the North Atlantic Ocean (Zubkov and Tarran, 2008) where mixotrophic flagellates represent more than 50% of algal abundance. The biological impoverishment associated with the loss of key functional species would reduce the resilience of ecosystems to perturbations produced by more frequent aerosols (increased P loads) from desert areas. Finally, the loss of mixotrophs, which are rich in polyunsaturated fatty acids (Boechat et al., 2007) , would reduce the quality of food available to herbivorous zooplankton (Müller-Navarra et al., 2000; Villar-Argaiz et al., 2008; 2009) , the dominant heterotrophs in most high-mountain lakes.
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